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a  b  s  t  r  a  c  t
Intra-subject  variation  in  reaction  time  (ISVRT)  is  a developmentally-important  phenomenon  that
decreases  from  childhood  through  young  adulthood  in parallel  with  the  development  of  executive  func-
tions  and  networks.  Prior  work  has  shown  a  signiﬁcant  association  between  trial-by-trial  variations  in
reaction  time  (RT)  and  trial-by-trial  variations  in  brain  activity  as  measured  by the  blood-oxygenated
level-dependent  (BOLD)  response  in functional  magnetic  resonance  imaging  (fMRI)  studies.  It remains
unclear, however,  whether  such  “RT-BOLD”  relationships  vary  with  age.  Here,  we determined  whether
such trial-by-trial  relationships  vary  with  age  in a  cross-sectional  design.  We  observed  an association
between  age  and  RT-BOLD  relationships  in 11 clusters  located  in  visual/occipital  regions,  frontal  andMRI
evelopment
T-BOLD
parietal  association  cortex,  precentral/postcentral  gyrus,  and  thalamus.  Some  of  these  relationships
were  negative,  reﬂecting  increased  BOLD  associated  with  decreased  RT, manifesting  around  the  time
of  stimulus  presentation  and positive  several  seconds  later. Critically  for present  purposes,  all  RT-BOLD
relationships  increased  with  age.  Thus,  RT-BOLD  relationships  may  reﬂect  robust,  measurable  changes
in  the brain-behavior  relationship  across  development.
©  2016  The  Authors.  Published  by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Intra-subject variation in reaction time (ISVRT) is a measure of
 subject’s consistency in responding to stimuli across a task, often
uantiﬁed as the standard deviation of RT across a task epoch;
igher ISVRT, reﬂected in larger standard deviations, is associated
ith greater variability, or inconsistency, of responses. ISVRT is a
Abbreviations: ISVRT, Intra-subject variation in reaction time; RT-BOLD rela-
ionship, change in the Blood Oxygenation Level Dependent signal associated with
 s increase in reaction time.
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developmentally-important phenomenon; it decreases from child-
hood through young adulthood (Williams et al., 2005, 2007; Dykiert
et al., 2012; Li et al., 2009, 2004; Tamnes et al., 2012), paralleling the
behavioral development of executive functions such as attention
and self-regulation (Gomez-Guerrero et al., 2011), as well as struc-
tural brain development within the frontal lobes (Marsh et al., 2008;
Giedd, 2004; Gogtay et al., 2004). Further, atypical ISVRT is asso-
ciated with developmental disorders of executive control linked
to atypical brain development (Bora et al., 2006; Leth-Steensen
et al., 2000; Kaiser et al., 2008; Adleman et al., 2014, 2012; Brotman
et al., 2009; Castellanos et al., 2005; Epstein et al., 2011). Thus,
determining how the relationship between ISVRT and brain activ-
ity supporting executive functions varies with age may ultimately
inform our understanding of both normal and atypical cognitive
development.
To elucidate the development of neural mechanisms mediating
age-related changes in behavior, it is important to map brain-
behavior associations across age (Pfeifer and Allen, 2012). Poldrack
has emphasized the importance of quantifying such associations
precisely (Poldrack, 2014). However, most developmental studies
examine the relationship between activation and neural responses
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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veraged over time (Poldrack, 2014), rather than at the level of spe-
iﬁc trials. ISVRT is a particularly well-suited construct with which
o delineate the development of brain-behavior associations in a
recise fashion because 1) ISVRT has been shown to change with
ge, 2) RT varies at the level of speciﬁc trials, and 3) RT can be
easured easily.
One approach to directly mapping brain-behavior relationships
mploys functional magnetic resonance imaging (fMRI) to link
rial-speciﬁc changes in RT to trial-speciﬁc changes in the BOLD
ignal (Weissman et al., 2006). Using this approach in adults, sev-
ral researchers have reported robust “RT-BOLD relationships”
n frontal and parietal regions during executive function tasks
Weissman et al., 2006; Chee and Tan, 2010; Prado and Weissman,
011; Yarkoni et al., 2009). Moreover, some researchers have
eported that the size of the RT-BOLD relationship varies across
opulations who differ in their attentional abilities. For example, in
rontal and parietal regions crucial for attention, stronger RT-BOLD
elationships manifest in individuals who exhibit minimal, rela-
ive to marked, effects of sleep deprivation on attention (Chee and
an, 2010; Chee et al., 2008). Similarly, investigating developmental
ifferences in the RT-BOLD relationship may  help to reveal which
eural processes underlie developmental differences in executive
unctioning (Plude et al., 1994; Anderson et al., 2001; Rueda et al.,
004; Ridderinkhof and van der Stelt, 2000).
Along these lines, it is presently unclear whether children
nd adolescents show similar RT-BOLD relationships to adults.
arp and colleagues found weak or absent RT-BOLD associations
n a relatively small sample of children and adolescents (n = 18)
s compared to a group of young adults (n = 21) (Carp et al.,
012). Analogous to the above-noted ﬁndings on sleep deprivation,
eaker RT-BOLD associations in children and adolescents com-
ared to adults could reﬂect reduced attentional capacity early in
evelopment (Plude et al., 1994; Rueda et al., 2004; Ridderinkhof
nd van der Stelt, 2000). However, Kim and colleagues identiﬁed
trong, linear RT-BOLD relationships in a larger (n = 28) sam-
le of children (Kim et al., 2013), thereby raising the possibility
hat the ﬁrst study was underpowered. Further, neither study
mployed age as a continuous variable to investigate more specif-
cally how the RT-BOLD relationship varies cross-sectionally with
ge. Finally, both studies modeled RT-BOLD relationships using a
anonical hemodynamic response function, which precludes the
bility to distinguish between RT-BOLD relationships that occur
early” versus “late” in the average time-locked BOLD response to
 trial type. Nonetheless, these “early” and “late” relationships can
e quite different, possibly in ways that relate to early lapses of
ttention and later compensatory effects (Weissman et al., 2006).
or all of these reasons, it remains unclear whether and when in
he course of a neural response the RT-BOLD relationship differs
etween children and adults.
The goal of the present study was to answer these questions
sing methods that characterize RT-BOLD relationships through-
ut the course of each trial during the performance of a selective
ttention task that requires the engagement of executive function
Weissman et al., 2006). To this end, we used a ﬁnite impulse
esponse (FIR) model to derive empirically the average event-
elated BOLD response to target stimuli in a selective attention task
Ollinger et al., 2001). We then compared both “early” and “late”
ime points of the RT-BOLD relationship in healthy children and
dults. Finally, we employed age as a continuous variable to inves-
igate more speciﬁcally how the RT-BOLD relationship varies across
evelopment.
Finally, initial studies examining the relationship betweenSVRT and brain activation correlated overall subject ISVRT mea-
ures with task-related average neural responses across individuals
e.g., Bellgrove et al., 2004). While these studies shed light on the
verall relationship between a subject’s level of variability andve Neuroscience 19 (2016) 248–257 249
his/her brain activity as compared to other subjects, they could not
isolate the relationships between RT variability and BOLD response
at the level of a single trial. One of the ﬁrst experiments to include a
measure of RT as a regressor in fMRI analysis, and thus to examine
parametric modulation of the BOLD response by RT was  by Gilbert
and colleagues (Gilbert et al., 2006). This study used log(RT) during
low-demand tasks as a regressor in the fMRI general linear model.
Other studies have utilized mean and, in some cases, standard devi-
ations of RTs to calculate and standardize individual trial RT either
within (Yarkoni et al., 2009) or across (Hahn et al., 2007) subjects.
These standardized trial RTs are included as regressors in the gen-
eral linear model, often using a standard HRF function (e.g., Carp
et al., 2012; Kim et al., 2013; Gilbert et al., 2006; Hahn et al., 2007).
However, as stated by Yarkoni and colleagues (Yarkoni et al., 2009),
differences in RT may  not only be related to changes in the ampli-
tude of the BOLD signal and thus, some studies utilize a FIR model to
estimate the RT-BOLD relationship (Weissman et al., 2006; Yarkoni
et al., 2009) to avoid making assumptions about its shape. The
analysis in the present study was  modeled after that of Weissman
et al. (2006), and hence we employed similar techniques for RT
standardization and modeling the RT-BOLD relationship. However,
this study is the ﬁrst to examine age differences in the RT-BOLD
relationship using a FIR model and including age as a continuous
variable.
2. Materials and methods
2.1. Participants
The protocol was approved by the National Institutes of Health
Intramural Research Program Combined Neuroscience Institutional
Review Board, which is accredited by the Association for the
Accreditation of Human Research Protection Programs, Inc. Fifty-
seven individuals participated in the study. Data were excluded
from seven: two individuals were excluded for excessive head
motion during the fMRI scan (average motion per TR before cen-
soring >0.25 mm or more than 8% of TRs censored for motion) and
ﬁve individuals were excluded for poor task performance (accu-
racy below 70% on any single run). Thus, ﬁfty healthy participants
(33 female, 17 male), ranging in age from 9.5 to 42.9 years (mean:
21.9 ± 7.0), were included in the ﬁnal analyses (see Supplemen-
tal Fig. 1 for age histogram). Written consent and assent were
acquired before the experiment began. Semi-structured psychiatric
interviews by trained clinicians conﬁrmed that participants had no
history of psychiatric illness or psychotropic medication use, and no
ﬁrst-degree relative with a mood or anxiety disorder. Participants
were in good physical health as indicated by medical history and
physical exam. Participants were excluded for IQ < 70 on the Wech-
sler Abbreviated Scale of Intelligence (Clements, 1965), history of
substance abuse within 2 months, head trauma, neurological dis-
order, pervasive developmental disorder, or contraindications to
MRI.
2.2. In-scanner behavioral paradigm
Participants performed a modiﬁed global-local selective atten-
tion task (Weissman et al., 2006) programmed in E-prime and
projected onto a screen viewed via a mirror mounted on the head
coil. There were four stimuli that appeared equally often. Each stim-
ulus was  a large letter (“H” or “S”) made up of several identical
smaller letters (“Hs” or “Ss”; see Supplemental Fig. 2). Half the stim-
uli were congruent (e.g., a large H made up of small H) while the
other half were incongruent (e.g., a large S made up of small Hs).
All stimuli appeared centered on a red ﬁxation point. Moreover,
each stimulus appeared for 200 ms  and was followed by 2300 ms
of ﬁxation.
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In alternating runs, participants were asked to identify the large
lobal letter (H or S) or the small local letters (Hs or Ss) that
ppeared in each trial. They did so by pressing one of two  but-
ons on a two-button response device using either the left thumb
r the right thumb. Stimulus presentation and jitter orders were
reated with AFNI’s make random timing.py program. Thus, the
aximum inter-stimulus interval varied across run orders, as opti-
ized by this program. The inter-stimulus interval was  jittered in
nits of the TR (1250 ms)  and ranged from 2.5 s to 12.5–16.25 s
mean inter-stimulus interval: 3.98 s). Participants were pseudo-
andomly assigned to one of 80 run orders selected from 10,000
terations. We  included six runs, each of which contained 96 trials:
8 congruent and 48 incongruent. At the end of each run, the over-
ll number of correct responses, errors, and percent correct were
isplayed. Further details about the task and scan parameters are
vailable in (Chen et al., 2014).
.3. Imaging acquisition
Neuroimaging data were collected on a 3-T General Electric
igna scanner and 32-channel head coil. After acquisition of a sagit-
al localizer scan, an automated shim calibrated the magnetic ﬁeld
o reduce signal dropout due to susceptibility artifact. Six functional
uns of 304 time points each were acquired using 24 contigu-
us 5-mm interleaved axial slices covering the entire brain. These
cans used a 64 × 64 matrix with echoplanar single shot gradient
cho T2* weighting (TR = 1250 ms;  TE = 25 ms;  FOV = 240 mm;  ﬂip
ngle = 35◦), yielding 3.75 × 3.75 × 5 mm voxels. To reach longitudi-
al magnetization equilibrium, the six initial images from each run
ere discarded. A high-resolution structural MPRAGE scan (1-mm
nterleaved sagittal slices; TE = min  full; TI = 425; FOV = 25.6; freq x
hase = 256 × 256; ﬂip angle = 7◦; 1 mm3 voxels) was also acquired
uring the same session for coregistration with the functional
ata. Because of the inhomogeneity introduced by a 32-channel
ead coil, an ASSET calibration scan followed by a proton-density
eighted (PDW) scan with similar parameters to the MPRAGE scan
ere conducted immediately prior to acquisition of the structural
can, and the PDW scan was  used to correct the MPRAGE before pre-
rocessing steps were conducted (in 7 subjects, the uncorrected
PRAGE was used in pre-processing due lack of alignment between
he PDW and MPRAGE).
.4. Behavioral data analysis
Trials were considered errors if a response occurred in less
han 100 ms  from the onset on the stimulus, no response was
ade within 2500 ms,  or the response was incorrect. Five par-
icipants whose accuracy fell below 70% for at least a single run
ere excluded. For the remaining 50 participants, we  calculated
ean reaction times for correct trials. As a behavioral measure
f ISVRT, we used each participant’s coefﬁcient of variation of RT
standard deviation of RT divided by mean RT). We  employed this
easure because the mean and standard deviation of RT may  be
ighly correlated (Wagenmakers and Brown, 2007). Nonparamet-
ic correlational analyses were run between age and the following
easures: mean accuracy for all trials, mean RT for all trials and
or each trial type independently, and coefﬁcient of variation of RT
cross all trials and for each trial type independently.
.5. Imaging analysis
Functional magnetic resonance imaging data were analyzed
sing Analysis of Functional NeuroImages (AFNI; http://afni.nimh.
ih.gov/afni/; (Cox, 1996)) using standard preprocessing including
lice-timing alignment, alignment of all volumes to base volume
nd registration to Talairach template, spatial smoothing (6-mmive Neuroscience 19 (2016) 248–257
FWHM kernel), masking, and intensity scaling. TRs n and n + 1
were censored if the normed motion vector between time points
was greater than 1 mm.  Participants were excluded if the average
motion per TR before censoring was  >0.25 mm or if more than 8% of
TRs were censored for motion. There was  no correlation between
age and average motion per TR before censoring (p’s > 0.44). Finally,
motion parameters were included as covariates in the regression
analysis.
Mean standardized RT was  calculated for each trial by using
the RT for that individual trial and subtracting from it that partici-
pant’s mean RT value for that trial type (congruent or incongruent)
in the same run (Weissman et al., 2006). Therefore, trial-speciﬁc
mean-standardized RT gauged participant’s RT for each individual
trial, referenced to his or her overall performance in that condi-
tion: lower mean-standardized RT indicated faster relative RT and
higher mean-standardized RT indicated slower relative RT.
To avoid prior assumptions about the expected BOLD response
shape and to quantify precisely the chronometry of variation in
the RT-BOLD relationship, we  analyzed the fMRI data using a ﬁnite
impulse response (FIR) linear regression model. Each trial was mod-
eled with 13 basis functions (i.e., tents), each of which spanned 1 TR.
In other words, each trial was modeled with a 13 TR (15 s) time win-
dow starting 2.5 s before stimulus onset and continuing for a total
of 15 s (i.e., ﬁnal tent at 12.5 s after stimulus onset), resulting in 13
regressors per stimulus type (i.e., condition).
For each condition (i.e., congruent, incongruent), we created
26 regressors as follows. First, we modeled the hemodynamic
response associated with average RT across trials with 13 TENT
basis functions (or linear splines) that capture the BOLD response
over a period of 15 s with a TR of 1.25 s. In addition, to obtain
the RT-modulated effect per condition, we  used the de-meaned
mean-standardized RT values at all the trials of the condition and
then multiplied those 13 TENT basis functions, creating another
13 regressors (i.e., 13 TENT basis functions and 13 RT-modulated
functions). The de-meaning step allowed us to obtain the response
shape and magnitude through the ﬁrst set of 13 basis functions.
Finally, a third-order Legendre polynomial modeling baseline drift,
incorrect trials, and 6 head motion parameters were included
in each participant’s model to control for potential confounding
effects.
For each participant, two effects of interest were estimated for
each trial type: 1) the average stimulus-locked BOLD response
(i.e., the BOLD response across time associated with the average
RT) and 2) the RT-BOLD relationship (i.e., the change in the BOLD
response associated with a 1 s increase in RT, as measured by mean-
standardized RT) (Weissman et al., 2006). The mean-standardized
RT value for each trial was  used to represent trial RT in order to con-
trol for differences in overall RT within a subject across trial types
or blocks, or across subjects. Speciﬁcally, we estimated the follow-
ing: the average BOLD response to congruent trials across 13 TRs
(average congruent), the average BOLD response to incongruent
trials across 13 TRs (average incongruent), the average RT-BOLD
relationship for congruent trials across 13 TRs (RT-BOLD congru-
ent), and the average RT-BOLD relationship for incongruent trials
across 13 TRs (RT-BOLD incongruent).
2.5.1. Developmental changes in trial-to-trial RT-BOLD
relationships
For all group analyses, we employed AFNI’s 3dClustSim (using a
70% group mask and averaged error terms from all subjects) to cal-
culate the cluster extent (k = 38) needed to obtain FWE-correction
across the brain at p < 0.05 with an initial height threshold of
p < 0.005.
For group analyses, beta estimates were entered into a mul-
tivariate model (Chen et al., 2014) using 3dMVM in AFNI. In
these models, condition (congruent, incongruent) and tent (or TR,
ogniti
r
v
o
i
b
r
T
d
S
r
a
s
i
c
e
t
r
i
r
s
f
f
t
t
(
s
r
p
s
t
a
w
(
m
t
b
i
p
2
a
d
d
a
d
c
o
w
c
s
B
n
s
s
i
w
(
n
o
u
m
BN.E. Adleman et al. / Developmental C
eferred to as time point from here on) served as within-participant
ariables while participant age served as a quantitative, continu-
us variable. Thus, no grouping by age was included in the model;
nstead, age was a continuous variable.
Separate models were created to examine the relationship
etween age as a continuous variable and 1) the average BOLD
esponse regressors and 2) the RT-BOLD relationship regressors.
he average response regressor analysis and results will not be
iscussed further (the results of this analysis are available in
upplemental information). Indeed, the model for the RT-BOLD
elationship was of primary interest as it determines whether brain
ctivity varies with trial-speciﬁc RT and, most importantly, whether
uch RT-BOLD relationships are related to age.
In clusters wherein a signiﬁcant age x time point (i.e., TR)
nteraction was revealed, percent signal change values for each
ondition x time point combination were extracted separately for
ach participant. Since age was included as a continuous variable in
he model, the signiﬁcant interaction indicated that the RT-BOLD
elationship varied across the full age distribution in the sample
n these clusters. However, it did not indicate the direction of the
elationship. Therefore, to visualize the direction of the relation-
hip, we created “representative images.” These images, generated
or display purposes only, averaged values in groups of subjects
rom speciﬁc age bands (see Fig. 1). While the RT-BOLD associa-
ions varied continuously across all ages, in these ﬁgures we  depict
he ﬁndings using three groups, each consisting of 16 subjects
this number was arbitrarily determined). These three groups were
elected to represent RT-BOLD associations across the entire age
ange. Speciﬁcally, the ﬁrst group included the sixteen youngest
articipants (youngest), the second was generated from sixteen
ubjects around the overall sample median age (middle), and the
hird included the sixteen oldest participants (oldest). The aver-
ge RT-BOLD associations from each of these representative groups
ere plotted to illustrate the responses across all 13 time points
or TRs) in each signiﬁcant cluster resulting from the multivariate
odels. Again, the model included age as a continuous variable and
hese graphs are for illustrative purposes only. Scatterplots of age
y RT-BOLD relationship across all subjects in each signiﬁcant TR
n each of the regions in which there was a signiﬁcant age x time
oint interaction are available in Supplemental Fig. 5.
.5.2. Presence of RT-BOLD relationships in children and
dolescents
The results of our primary analyses indicated the presence of
evelopmental differences in RT-BOLD relationships, which were
riven by increasing RT-BOLD relationships with age. However, an
bsence of RT-BOLD associations in younger subjects might pro-
uce similar ﬁndings. Indeed, results from two previous studies of
hildren and adolescents were contradictory about the presence
f RT-BOLD associations in this population. The ﬁrst study found
eak RT-BOLD associations manifesting only in the lateral parietal
ortex in children and adolescents (Carp et al., 2012). The second
tudy (Kim et al., 2013) reported several regions with linear RT-
OLD relationships in a sample of children and adolescents, but did
ot directly compare this sample to an adult group (of note, this
tudy only tested for positive RT-BOLD relationships).
To clarify these ﬁndings and our own, we  conducted analy-
es designed to determine whether RT-BOLD relationships were
ndeed present and measurable in children and adolescents. First,
e identiﬁed regions in which there was a main effect of time point
i.e., tent) in our overall group RT-BOLD analysis, indicating a sig-
iﬁcant RT-BOLD relationship across all 50 participants, regardless
f age. Second, to eliminate ﬁndings that might be driven by partic-
larly strong RT-BOLD relationships in older participants, we then
asked out all clusters in which there was an effect of age on RT-
OLD relationships (i.e., the clusters exhibiting a signiﬁcant age xve Neuroscience 19 (2016) 248–257 251
time point interaction with regard to the RT-BOLD relationship as
reported in Table 2; in this analysis, we  employed a FWE-correction
across the entire brain at p < 0.05 with an initial height threshold of
p < 0.005).
A whole brain analysis of regions in which there was a sig-
niﬁcant RT-BOLD relationship across all 50 participants revealed
widespread signiﬁcant results. Thus, to illustrate the RT-BOLD
relationships that we observed, we  deﬁned spherical ROIs with
a 5 mm radius around the top ﬁve peak voxels from the whole
brain results, located in left and right insula, left and right infe-
rior parietal cortex, and right medial frontal gyrus (BA 32) (Fig. 2A).
RT-BOLD values in each spherical ROI were extracted from each
subject. We  then mapped the RT-BOLD curves from these ROIs in
children/adolescents (≤18 years old; n = 21) and young adults (as
deﬁned in (Carp et al., 2012), ≥23 years old; n = 21), to provide direct
comparisons with prior work (Carp et al., 2012).
3. Results
3.1. Behavioral data
Participants performed the task well (average of mean accu-
racy across all 6 runs: 94.4% ± 4.1%). There was no correlation
between age and performance as measured by the average of a
subject’s percentage accuracy over the 6 runs (rs = 0.19, P = 0.20).
However, compared to males, females were slightly younger
(t(22.969) = 1.72, P = 0.10; Levene’s test indicated unequal vari-
ances (F = 4.94, P = 0.03), so degrees of freedom were adjusted from
48 to 22.969) and performed slightly better (t(21.565) = −1.73,
P = 0.10; Levene’s test indicated unequal variances (F = 10.52,
P = 0.002), so degrees of freedom were adjusted from 48 to
21.565). Moreover, as expected, mean RT was  longer in incon-
gruent (M = 888.2 ms,  SD = 145.9) than congruent (M = 864.4 ms,
SD = 138.6) trials (t(49) = −8.75, P < 0.001). There were, however, no
correlations between age and either mean RT or coefﬁcient of vari-
ation of RT across all conditions (congruent and incongruent), or
for either condition independently (all |rs| < 0.10, all P ≥ 0.50). Note
that age and IQ were not correlated within the sample (Pearson’s
r = 0.09, P = 0.54), and controlling for IQ did not affect the results.
See Table 1 for subject means, standard deviations, and ranges for
behavioral measures.
3.2. Imaging data
3.2.1. Developmental changes in trial-to-trial RT-BOLD
relationships
No interactions involving condition (incongruent, congruent)
reached signiﬁcance in the main RT-BOLD analysis; all signiﬁ-
cant ﬁndings, therefore, are averaged across conditions. Signiﬁcant
age by time point interactions indicated clusters where the RT-
BOLD relationship differed with age across the modeled 15-s
window (FWE-corrected level of p < 0.05 across the entire brain).
There were eleven such clusters; these included bilateral clusters
in visual cortex/precuneus/cuneus, precentral/postcentral gyrus,
inferior frontal gyrus, middle/superior frontal gyrus, and thalamus.
These also included unilateral clusters in left inferior parietal lob-
ule and paracentral lobe/cingulate gyrus (Table 2). Scatterplots of
RT-BOLD relationship by age across all subjects in each TR in which
a signiﬁcant interaction within these 11 clusters was present are
presented in Supplemental Fig. 5. (Graphs of RT-BOLD averaged
across all 50 subjects in each of these 11 clusters are presented in
Supplemental Fig. 6).
We identiﬁed two  main patterns of age x time point inter-
action among these clusters (i.e., how the RT-BOLD response
changed with age). In the ﬁrst pattern, RT-BOLD became increas-
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Fig. 1. Representative clusters from the RT-BOLD age x time point interaction. Sample clusters in which there was  a signiﬁcant age x time point interaction in the RT-BOLD
analysis. Brain slices show F-statistics according to the color bar; only voxels that surpass a height threshold of P < 0.005 and are within a cluster of at least 38 voxels
(FWE-correction across whole brain at P < 0.05) are displayed. In these clusters, there was a developmental difference in the time course of the RT-BOLD relationship (i.e.,
the  relationship between percent change in BOLD response per second increase in mean-standardized reaction time). A) Cluster in the right precentral/postcentral gyrus
(k  = 58; crosshairs at peak, coordinates: 23, −29, 69) and representative graph of the RT-BOLD relationship across the cluster in the 16 youngest, 16 middle, and 16 oldest
participants. Note that the statistical model included age as a continuous variable. This graph is for illustrative purposes only and is not representative of the analysis, thus
no  error bars are included. Y-axis represents the percent change in BOLD response per each second change in mean-standardized RT; thus, for example, a positive y-value
would indicate an increase in BOLD signal with an increase in mean-standardized RT. Time points at which there was a signiﬁcant correlation between age and the RT-BOLD
relationship (Pearson’s correlation; p < 0.05) are shaded in purple; the mean RT-BOLD relationship across 21 adults (age ≥ 23) was signiﬁcantly different from 0 (one-sample
t-test; p < 0.05) at these time points. The dotted line arrow indicates the approximate location within the time window of the group sample mean of correct RT across both
conditions (sample mean = 876 ±142 ms). B) Cluster in the right IFG (k = 58; crosshairs at peak, coordinates: 47, 24, −1) and representative graph of the RT-BOLD relationship
across  the cluster in the 16 youngest, 16 middle, and 16 oldest subjects. Note that the statistical model included age as a continuous variable. This graph is for illustrative
purposes only and is not representative of the analysis, thus no error bars are included. Y-axis represents the percent change in BOLD response per each second change in
mean-standardized RT; accordingly, for example, a positive y-value would indicate an increase in BOLD signal with an increase in mean-standardized RT. Time points at
which  there was  a signiﬁcant correlation between age and the RT-BOLD relationship (Pearson’s correlation; p < 0.05) are shaded in purple; the mean RT-BOLD relationship
a  < 0.0
w ions (
ﬁ
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pcross  21 adults (age ≥ 23) was signiﬁcantly different from 0 (one-sample t-test; p
ithin the time window of the group sample mean of correct RT across both condit
gure  legend, the reader is referred to the web  version of this article.)
ngly positive with age in the later portion of the modeled time
indow (TR range: 3.75–11.25, most around 6.25; see example
n Fig. 1A). This pattern was evident in the following clusters:
ilateral occipital/fusiform/precuneus/posterior cingulate, left pre-
entral/postcentral gyrus, left middle/superior frontal gyrus, right
recentral/postcentral gyrus, right middle/superior frontal gyrus,5) at these time points. The dotted line arrow indicates the approximate location
sample mean = 876 ±142 ms). (For interpretation of the references to colour in this
and left paracentral lobule/medial frontal gyrus/cingulate gyrus
(clusters 1, 2, 3, 7, 8, and 10 in Table 2). In the other pattern, an
increasing positive RT-BOLD response with age was also observed
in the later portion of the modeled time window while, additionally,
early in the modeled time window (TR range: −2.5–3.75), there was
an increasing negative RT-BOLD relationship with age (see exam-
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Fig. 2. RT-BOLD relationships are present in children and adolescents. Spherical ROIs were created with a 5 mm radius around the top 5 peak voxels in which we observed
a  main effect of time point in the RT-BOLD relationship across all participants (n = 50; P < 0.005); regions in which there was an effect of age on RT-BOLD relationships were
masked out. A) Locations of the ﬁve spherical ROIs, each represented by a different color. Clockwise from top: orange: right medial frontal gyrus (5, 10, 45); gold: left Inferior
parietal lobe (-30, −46, 38); red: right Inferior parietal lobule (33, −46, 41); yellow: left insula (-30, 17, 10); green: right insula (30, 17, 10). B) Plots of average RT-BOLD curves
across  child (n = 21) and adult (n = 21) age groups, as deﬁned by (Carp et al., 2012) in two  representative spherical ROIs located in the right insula and right inferior parietal
lobule  (patterns are similar in all 5 ROIs). Graph axes as in Fig. 1. The RT-BOLD relationship did not differ statistically between groups at any time point (all P ≥ 0.1).
Table 1
Behavioral results.
Subject Mean ± SD Range Min–Max Regression slope
Percent Accuracy 94.4 ± 4.1 81.5 − 98.9 −0.04
Average RT all correct trials (ms) 876.3 ± 141.9 671.6 − 1330.4 0.93
Average RT correct congruent trials (ms)a 864.4 ± 138.6 657.2 − 1314.5 0.71
Average RT correct incongruent trials (ms)a 888.2 ± 145.9 682.7 − 1346.3 1.15
SD  RT all correct trials (ms) 173.5 ± 65.9 65.5 − 371.6
SD  RT correct congruent trials (ms) 173.9 ± 66.7 68.2 − 366.4
SD  RT correct incongruent trials (ms) 173.1 ± 67.0 62.9 − 386.3
Coefﬁcient of variation of RT all correct trials 0.19 ± 0.05 0.08 − 0.32 0.001
Coefﬁcient of variation of RT correct congruent trialsb 0.20 ± 0.05 0.09 − 0.33 0.001
Coefﬁcient of variation of RT correct incongruent trialsb 0.19 ± 0.05 0.08 − 0.31 0.001
nd lev
p
r
e
g
t
B
f
w
Ba Subject RT slower on incongruent than congruent trials P < 0.001.
b Coefﬁcient of variation of RT higher for congruent than incongruent trials at tre
le in Fig. 1B). This pattern was evident in clusters in the following
egions: left inferior frontal gyrus/superior temporal gyrus, bilat-
ral thalamus, right IFG, left inferior parietal lobule/postcentral
yrus, left middle frontal gyrus (clusters 4, 5, 6, 9, and 11 in Table 2).
Further examination of these clusters revealed that, compared
o younger participants, older participants exhibited stronger RT-
OLD relationships in several brain regions (see Fig. 1 for examples
rom two clusters). The nature of this developmental difference
as twofold. In clusters exhibiting the ﬁrst pattern, in which RT-
OLD became increasingly positive with age in the later portionel (P = 0.06).
of the modeled time window (closer to the time of the peak
BOLD response), older participants exhibited a more positive RT-
BOLD relationship than younger participants (Fig. 1A). In clusters
exhibiting the second pattern, this increase in positive RT-BOLD
response with age later in the modeled window was still evident,
but RT-BOLD association became more negative with age early
in the modeled event window (i.e., before the peak of the BOLD
response): speciﬁcally, older participants exhibited a more nega-
tive RT-BOLD relationship than younger participants (Fig. 1B; green
line represents 16 oldest participants). Negative RT-BOLD associa-
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Table 2
fMRI results for RT-BOLD analysis.
Cluster Region (Brodmann Area) No. voxels in cluster Talairach Coords
Cluster Peak
x y z
Cluster Peak
F-statistic
Age by time point
interaction
Bilateral occipital cortex, fusiform, lingual gyrus,
cuneus/precuneus, posterior cingulate
1004 40 −74 −15 10.82
L  precentral/postcentral gyrus (4/3/6) 216 −40 −18 62 6.92
L  MFG/SFG (10/9/46) 144 −44 31 27 5.65
L  IFG/STG (47/38/45) 111 −40 17 −11 8.11
Bilateral thalamus 90 12 −11 10 3.74
R  IFG (47/45) 58 47 24 −1 8.40
R  precentral/postcentral gyrus (4/3) 58 23 −29 69 4.63
R  MFG/SFG (10/46) 55 47 41 20 6.15
L  IPL/postcentral gyrus (40/2) 48 −58 −25 31 4.67
L  paracentral lobule/medial frontal gyrus/cingulate
gyrus (6/31)
48 −12 −22 55 3.69
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ote: L = left; R = right; MFG  = Middle Frontal Gyrus; IFG = Inferior Frontal Gyrus; STG
ions indicate less activation on trials with relatively slow RTs than
n trials with relatively fast RTs. Positive RT-BOLD associations indi-
ate more activation on trials with relatively slow RTs than on trials
ith relatively fast RTs. The age-related increases of negative RT-
OLD relationships early in the modeled window and/or positive
T-BOLD relationships late in the modeled window were evident
n all 11 signiﬁcant clusters. However, both the timing of the effects
e.g., compare the timing of the early effect in Fig. 1A to B) and the
igniﬁcance of the simple effects varied across clusters.
.2.2. RT-BOLD relationships are present in children and
dolescents
We  observed strong, widely-distributed RT-BOLD associations
t all ages. In many regions, these strong RT-BOLD relationships in
hildren and adolescents did not differ from those of the young
dults. RT-BOLD responses of children and adolescents (n = 21)
xtracted from spherical ROIs drawn around the top ﬁve peak vox-
ls in left and right insula, left and right inferior parietal cortex, and
ight medial frontal gyrus (Fig. 2A) did not differ in these regions
rom those of the young adults (n = 21; for representative graphs see
ig. 2B). Moreover, in all 5 spherical ROIs, there were ≥8 TRs (out
f 13) at which the RT-BOLD relationship in the child/adolescent
roup was signiﬁcantly different than zero (all P < 0.05).
. Discussion
This study is important because it is the ﬁrst to examine the
evelopment of the brain-behavior relationship on a trial-by-trial
asis as a function of age. We  observed strong RT-BOLD relation-
hips in many brain regions, including fronto-parietal association
ortex and thalamus, all of which manifested more powerfully with
ge. These RT-BOLD associations may  provide a useful cross-task
ool for elucidating brain-behavior associations across develop-
ent and pathological states. Below we discuss these ﬁndings, and
heir relevance to the broader literature, in greater detail.
.1. Age-related differences in trial-to-trial RT-BOLD relationships
The strongest RT-BOLD associations were evident in the oldest
articipants. The data therefore suggest that these relationships
evelop throughout childhood and adolescence. Notably, the
ncrease in the strength of RT-BOLD relationships was  not limited
o the time of the peak response (Carp et al., 2012) or to positive
elationships between RT and the BOLD signal (i.e., regions in which
he BOLD signal increases with RT) (Kim et al., 2013). Rather, such
ge-related variation manifested both early and late in the mod-−30 −1 48 4.50
erior Temporal Gyrus; IPL = Inferior Parietal Lobule.
eled window. In addition, condition did not inﬂuence the model in
this RT-BOLD analysis, indicating that task difﬁculty did not affect
the age by time point interaction of the RT-BOLD relationship. Fur-
ther, while RT-BOLD relationships became stronger with age, they
could still be detected in early adolescence, unlike in some prior
research (Carp et al., 2012). Finally, while robust RT-BOLD relation-
ships were found at all ages, our data suggest that development
involves region-speciﬁc changes in these relationships.
4.2. Neural regions exhibiting age-related RT-BOLD relationship
differences
Several global-local tasks with stimuli similar to those used in
the present study have been used to study selective attention. These
studies have identiﬁed task-related responses in similar regions to
those showing developmental RT-BOLD relationships here, includ-
ing frontal areas, precentral gyrus, inferior parietal lobe, thalamus,
and visual regions such as the precuneus and fusiform (Weissman
et al., 2002). Other methodologies also support the role of these
regions in the performance of a global-local selective attention
task: e.g., “virtual lesions” of the intraparietal sulcus (IPS) with
TMS stimulation disrupt performance of a global Navon task (i.e.,
identiﬁcation of the global letter) (Whitney et al., 2012), and TMS
stimulation of the right intraparietal sulcus at different frequencies
differentially affects global and local processing (Romei et al., 2011).
Notably, in the present study, no age-related differences were
identiﬁed in the anterior cingulate cortex, a region that is often
identiﬁed in similar tasks and has been proposed to detect task-
related response conﬂict (Weissman et al., 2002, 2003, 2009; Lux
et al., 2004). It is important to note, however, that no interactions
involving condition (incongruent, congruent) reached signiﬁcance
in the main RT-BOLD analysis and therefore, all signiﬁcant ﬁndings
are averaged across conditions. Thus, there were no developmen-
tal results speciﬁc to conﬂict (i.e., incongruent versus congruent
stimuli).
The regions identiﬁed as showing age-dependent variation
in RT-BOLD relationships include several core attention network
areas. These regions constitute components of both the dorsal and
ventral attention networks, and have been shown to be active in
adults during attentional tasks and have been strongly implicated
in RT-variability in prior studies with adults (e.g., Weissman et al.,
2006). In addition, the strong results in visual processing regions are
consistent with the biased competition model of visual attention
(Desimone, 1998), in which top-down regions amplify the response
of task- and/or goal-relevant perceptual processing areas. Age-
related differences in RT-BOLD identiﬁed in these dorsal, ventral,
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nd visual regions are likely related to developmental changes in
ttention processes. Interestingly, a recent resting state analysis in
 dichotomous sample (i.e., children versus adults) found an asym-
etric pattern of development in the two attentional networks
dorsal and ventral) as measured by intrinsic connectivity (Farrant
nd Uddin, 2015). In this study, the authors found between-group
ifferences in functional connectivity between dorsal and ventral
ttention network ROI seeds and several regions identiﬁed in our
ain analysis, including the left postcentral gyrus, bilateral poste-
ior cingulate gyrus, and left thalamus.
.3. Relevance of the present ﬁndings to prior work
The current study maps precisely the chronometry of brain-
ehavior relationships that correspond to RT variations, reporting
igniﬁcant age differences in the strength of such brain-behavior
elationships. Our methods allowed us to model brain-behavior
elationships in children and adolescents with greater temporal
recision than prior work (Carp et al., 2012; Kim et al., 2013).
peciﬁcally, our statistical techniques parsed brain-behavior asso-
iations on a trial-by-trial basis, facilitated by an approach to data
cquisition and analysis that allowed modeling of ﬂuctuating brain-
ehavior associations within a trial. Thus, these methods charted
he precisely orchestrated chronometry of healthy brain-network
eployment during, and in response to, an individual’s reaction to
 stimulus.
These methods also revealed the subtle ways in which brain-
ehavior relationships differ between children/adolescents and
dults. Such subtleties can be obscured unless brain-behavior
ssociations are probed with considerable temporal precision. In
articular, the use of standard fMRI analysis techniques, which
mpose a standard HRF function and average BOLD responses to
arge, diverse stimuli, have only identiﬁed differences between chil-
ren and adults during the peak of the BOLD response (Carp et al.,
012). Here, using a FIR model and trial-by-trial modulation anal-
sis, we added to this literature by showing that the immature
T-BOLD relationship differs from the adult one at both early and
ate time points within a trial. As such, these ﬁndings add to a prior
ross-sectional study of developmental differences in the RT-BOLD
elationship (Carp et al., 2012) by showing that such developmen-
al differences also occur in the early time period of a BOLD time
ourse, not just at the peak of the BOLD response. Importantly, this
ge-related pattern is more complex than simply becoming “more
ositive” with age, showing increased negative and positive RT-
OLD associations distributed across the modeled time window.
otably, the “early negative” and “late positive” RT-BOLD relation-
hips in older participants resemble those previously reported in
 similarly aged group of adults (Weissman et al., 2006). These
ndings help to specify neural differences across the course of
evelopment associated with ISVRT, but the precise interpretation
f the relationship between differences in the early and late epochs
nd changes in ISVRT require further work.
.4. Psychological processes underlying variation in RT
Variation in RT has been hypothesized to reﬂect several different
sychological processes including attention regulation, sustained
ttention, the detection of response conﬂict, effort, and arousal
Li et al., 2009; Gomez-Guerrero et al., 2011; Bora et al., 2006;
eissman et al., 2006; Prado and Weissman, 2011; Chee et al.,
008; Whyte et al., 1995). It is also important to note that sev-
ral studies have shown a relationship between time spent on task
nd activation, particularly in the posterior/dorsal medial frontal
ortex (Grinband et al., 2011; Weissman and Carp, 2013). How-
ver, in the current sample, there was no relationship between age
nd mean RT, nor were there any interactions between age, meanve Neuroscience 19 (2016) 248–257 255
RT, and time point in any of the 11 clusters identiﬁed in the age
x time interaction. Because ISVRT typically decreases over devel-
opment (Williams et al., 2005, 2007; Dykiert et al., 2012; Li et al.,
2009, 2004; Tamnes et al., 2012), and the developmental differ-
ences in RT-BOLD relationships that we observed were located in
executive control, regulatory, and attention network regions, we
speculate that ISVRT likely relates to attention modulation, con-
sistent with the view that trials with slow RT represent lapses of
attention (Weissman et al., 2006). Critically, our ﬁndings indicate
that, relative to older individuals, younger individuals exhibit a
reduction of both early, negative and late, positive RT-BOLD effects.
This result may  indicate that the attention systems of the adoles-
cent brain remain immature relative to those of the adult brain.
Decreased activation in control regions along with a more diffuse
pattern of activation during attentional tasks in children, com-
pared to adults, has been reported previously (Konrad et al., 2005).
Several researchers have suggested that maturation across child-
hood and adolescence is associated with qualitative differences in
processes underlying executive functions (Luna et al., 2004). Neu-
rodevelopmental changes associated with maturation that result in
qualitative differences in function may  include increases in 1) focal-
ization of networks (Konrad et al., 2005), 2) long-range connections
that support top-down modulation (Luna et al., 2010), 3) top-down
effective connectivity (Hwang et al., 2010), and 4) synaptic connec-
tivity (Edin et al., 2007). Luna and colleagues (Luna et al., 2010) have
noted that developmental qualitative differences in neural func-
tion might be best observed through a comparison of the BOLD
time courses, as differences in BOLD response, representative of
qualitative differences, might be obscured in standard group anal-
yses. The FIR methods employed in the present study identify such
developmental differences precisely by comparing the time course
of the RT-BOLD relationship. Alternatively, it is possible that a dif-
ferent paradigm is needed to explore RT-BOLD relationships more
thoroughly in children, as this task and paradigm were originally
designed for use in adults. This alternative, though conceivable, is
less likely because we did observe regions in which there were
equally robust RT-BOLD relationships in all subjects.
One potential explanation for the current results could be an
age-related shift in the latency of the peak BOLD response. How-
ever, the pattern of the ﬁndings did not support this possibility
as age-related differences in the mean BOLD response gener-
ally reﬂected reductions in peak magnitude of the response (as
shown in Supplemental Figs. 7 and 8), rather than an age-related
shift in magnitude. Moreover, the average BOLD response and the
BOLD-RT correlation analyses generally revealed different brain
regions. The presence of latency differences in peak responses
would be expected to generate overlapping clusters for average
BOLD response and BOLD-RT correlations analyses.
In spite of the observation of age-related differences in neural
function, we  did not detect any age-related variation in ISVRT in our
participant sample. While the reasons for this null ﬁnding remain
unclear, several fMRI studies have not found signiﬁcant between-
subject behavioral differences inside the scanner on tasks that elicit
behavioral differences outside of the scanner (McClure et al., 2007;
Fani et al., 2012; Monk et al., 2008; Solomon et al., 2015; Finger et al.,
2008). All of these studies, however, do identify between-subject
neural differences despite the lack of behavioral differences. More-
over, age-related differences in behavior are sometimes smaller
than age-related differences in brain function (Deeley et al., 2008).
Thus, methodological and statistical factors may explain the lack
of an age effect in ISVRT. Despite the lack of age-related variation
in ISVRT in the current sample, decreases in ISVRT from childhood
through young adulthood have been demonstrated consistently in
behavioral studies across several task paradigms (Williams et al.,
2005, 2007; Dykiert et al., 2012; Li et al., 2009, 2004; Tamnes
et al., 2012), paralleling the normal developmental pattern of
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oth executive functions (Waber et al., 2007) and structural brain
evelopment (Giedd, 2004; Gogtay et al., 2004). Future studies
mploying more difﬁcult or effortful tasks, and/or larger samples,
ight better reveal age-related decreases in ISVRT.
Our ﬁndings suggest that there are, in fact, age-related neural
ifferences related to trial-by-trial variation in RT, regardless of
hether behavioral differences are measurable. In fact, the lack of
ge-related differences in RT suggests that the results of the present
tudy are likely to reﬂect variation-related neural differences with
ge and not spurious ﬁndings resulting from reaction time latency
ifferences. Thus, we think that the present ﬁndings are important
n elucidating differences in neural response with age.
. Conclusions: understanding development of RT-BOLD
elationship may  help elucidate normal and abnormal brain
evelopment
In addition to potentially serving as a measure of brain-behavior
ssociations related to attentional regulatory processing, the RT-
OLD relationship, both early and late in the BOLD response, may
eﬂect brain development related to executive functioning. The
esults of this and future studies of the phenomenon may  be of par-
icular use in understanding disorders associated with abnormal
evelopment of executive functions, such as ADHD (Shaw et al.,
007, 2012). On a related front, increased ISVRT has also been
ssociated with many developmental neurological and psychiatric
isorders (Bora et al., 2006; Leth-Steensen et al., 2000; Kaiser et al.,
008; Brotman et al., 2009; Castellanos et al., 2005; Epstein et al.,
011), and has even been observed in healthy people at increased
amilial risk for such disorders (i.e., ﬁrst-degree relatives: Adleman
t al., 2014; Brotman et al., 2009; Nigg et al., 2004; Bidwell et al.,
007). Therefore, understanding the brain mechanisms underly-
ng ISVRT (i.e., RT-BOLD associations), is an important next step
or the ﬁeld. By beginning to delineate the healthy development of
T-BOLD associations throughout the brain, the present study has
elped lay the groundwork for future research in psychopatholog-
cal populations.
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